Corporate credit spreads are defined as the differences between the zero-coupon yields related to an individual debtor or to a rating class and the risk-free zero-coupon yields for corresponding maturities. The knowledge of these corporate credit spreads is essential for many financial models and applications. Credit spreads are important inputs for many risk management and portfolio management models dealing with corporate bonds. Most notably, observed credit spreads are used to calibrate pricing models for defaultable claims to market price information in order to obtain implied estimates of the market price(s) of risk.
There is a growing academic literature devoted to various topics concerning the estimation of credit spread curves (see, e.g., Diaz and Skinner (2001) ) but little attention has been paid to the currency dependence of corporate credit spreads (Kercheval et al. (2003) is one of the first studies explicitly addressing this question). We show that in markets free of arbitrage the credit spread for an individual issuer has to be equal across different currencies if the factor processes driving the credit risk of the issuer are uncorrelated with the exchange rates deflated by the continuously compounded money market account in the reference currency. Under the hypothesis of zero correlation between credit risk and exchange rate risk credit spreads have to be equal across different currencies on the single issuer level. It is one important aim of this paper to provide empirical evidence regarding the currency dependence of corporate credit spreads and thus the existence of such a correlation.
There are two important cases where a potential currency dependence of corporate credit spreads would play an important role in practical applications. The first case, which is related to the estimation of credit spread curves, arises when spread curves are estimated on a single issuer basis. Usually, credit spread curves are estimated using bonds out of a pool of issuers in a specific rating class (see, e.g., Batten and Hogan (2003) ). Unfortunately, this method does not reveal the true credit spread for the individual issuer but only an average credit spread for the rating bucket. Elton et al. (2000) present evidence that pricing errors are huge for all rating classes and depend on several exogeneous factors. However, when attempting to estimate single issuer credit spread curves marekt prices of a minimum number of straight bonds of comparable seniority have to be available. It turns out that for many issuers this goal cannot be achieved unless bonds denominated in different currencies are jointly used by the estimation procedure. It is the second important objective of this paper to analyse whether bonds denominated in different currencies can be used for the estimation of credit spread curves, and, additionally, how possible currency effects can be taken into account. For this purpose we suggest an extended version of the multi-curve estimation approach originally presented by Houweling et al. (2001) .
The second case where the question of currency dependence in the context of credit spreads arises is related to the application of observed credit spread curves which are usually estimated for entire rating classes rather than on a single issuer level. Corporate credit spreads are an essential input for many pricing models of defaultable claims as well as for credit risk management models. Some of these models are based on empirically observable quantities like probabilities of default, rating transition or generator matrices, and recovery or loss rates (see, e.g., Das and Tufano (1996) and Jarrow et al. (1997) ). Since any model parameters fitted to these quantities are with respect to the empirical measure credit spread curves are required to obtain the relevant parameters under the equivalent pricing measure (see, e.g., Jarrow (2001) and Janosi et al. (2002) ). This is also true for most credit risk management models used by practitioners, like, e.g. CreditMetrics. Other models are solely calibrated to obervable credit spread curves where the model parameters are obtained under the pricing measure only (see, e.g., Duffie and Singleton (1997) , Duffee (1999) ). This approach is unproblematic as long as the defaultable claims that have to be priced are denominated in the same currency as the bonds used to estimate the credit spread curves. Since most publicly available estimates of credit spread curves (e.g. via data vendors like Reuters and Bloomberg or published by rating agencies like Moody's and Standard&Poors) are constructed using dollar denominated bonds care must be taken when applying these spread curves for the pricing of claims denominated in different currencies like euro. Only under the assumption of zero correlation between credit and exchange rate risk these spread curves can be applied regardless of the currency.
Otherwise corporate credit spreads have to be estimated for different currencies which may cause empirical problems for currencies with only a few number of corporate bonds outstanding. It is the third important aim of this paper to analyse whether dollar related credit spread curves can be used for pricing defaultable claims denominated in different currencies, and how possible currency effects can be taken into account.
In section I of this paper we show the elementary importance of the correlation between credit and exchange rate risk for the level of credit spreads in different currencies. In a first step we derive the basic result using a simple one-period model, and in a second step we extend our analysis to a rather general affine intensity based pricing framework. Chapter II summarizes the main problems related to the estimation of credit spread curves and introduces the methodology used in this paper. In addition, in this chapter we extend the multi-curve framework previously suggested by Houweling et al. (2001) to capture potential currency effects. This extended framework is also used to conduct formal tests of currency effects presented in chapter III. This empirical analysis is based on a representative sample of international corporate bond data. Section IV concludes the paper.
I. Theoretical framework
In this section we show the elementary importance of the correlation between credit and exchange rate risk for the level of credit spreads in different currencies. In a first step we derive the basic result using a simple one-period model, and in a second step we extend our argument to a rather general affine intensity based pricing framework.
Consider a financial market where a corporation subject to default risk issues two zerocoupon bonds with identical maturity, e.g. T years, but denominated in two different currencies. The time t prices of these corporate bonds are denoted as C t 1 and C t 2 , respectively.
In addition, there exists a riskless money market account in both currencies with riskless Note, that for the sake of simplicity we implicitly assume a zero recovery rate.
Let Q denote the equivalent martingale measure with the riskless money market account in the first currency used as the numeraire. Since under this measure all relative price processes with respect to the numeraire asset are martingales we derive the following condition using the corporate bond traded in the first currency:
This condition implies that the survival probability under Q is equal to e -s1⋅T . Let X t denote the time t price of one unit of currency two expressed in units of currency one. Then the time zero price of the corporate bond issued in currency two equals X 0 . Using the fact that the martingale property must also hold for the prices of the second corporate bond expressed in currency one we obtain a second condition:
Since the exchange rate X T and the default variable I survive are both random variables the covariances between these variables have to be taken into account. Dependent on this covariance a general relationship between the currency related spreads s 1 and s 2 can be derived. In contrast to the arguments presented in Kercheval et al. (2003) these spreads are not equal in the general case. The "arbitrage" condition derived in that paper obviously does only hold for riskless bonds because the default state is not taken into account. However, it can be shown that in a special case when the exchange rate and the default variable are uncorrelated the spreads have in fact to be equal. If the correlation is zero then the condition derived above can be rewritten as follows:
Making use of the knowledge of the survival probability under Q and the fact that the expected exchange rate under Q equals the arbitrage-free forward exchange rate we obtain Riskless zero-coupon bond:
Risky zero-coupon bond:
The functions a 1 and b 1 depend on the model parameters and the specific choice of the short rate dynamics. Note, that the survival probability q can also be expressed in a similar functional form where the hazard rate, i.e. the product of stochastic default intensity and stochastic loss rate, replaces the short rate. For the purpose of this argument we do not need this explicit representation. The important point is that the survival probability under Q equals the ratio of the risky and the riskless zero-coupon bond prices in currency 1.
Using the martingale property for the second risky zero-coupon bond we derive the following condition: 
In the next step we switch from the risk neutral measure Q to the foreign risk neutral measure Q * (see Björk (1998) 
and finally we end up with the following condition for the second zero-coupon bond price
In this general framework the crucial assumption is somewhat different since the covariance between the default variable and the evolution of the exchange rate deflated by the relevant money market account, rather than the exchange rate is assumed to be zero.
In order to derive expressions for the corporate yield spreads we calculate the risky continuous rates for the issuer in the two currencies using the corporate zero-coupon bond prices:
Currency 1:
This implies that we obtain an identical credit spread ) 1 ln( 1 q T ⋅ for both currencies.
Using a fairly general framework we have shown that a zero covariance between the default variable and the evolution of the exchange rates deflated by the relevant money market accounts implies equal credit spreads across currencies. From a theoretical point of view the assumption of no currency dependence of credit spreads translates to the assumption of zero covariance between these variables. But is this assumption reasonable? There seems to be no obvious answer to this question. In theory the pure existence of corporate bonds denominated in a specific currency implies a dependence of the default variable on the exchange rate because a rising exchange rate increases the market value of the company's debt and thus increases the default probability. On the other hand a rising exchange rate might improve the company's position in the export market and thus offset the other effect. Over all it is an empirical question whether this assumption is reasonable or not.
In the empirical analysis conducted in this paper we test for differences between observed credit spreads in different currencies. The results of these tests are directly applicable to the questions related to the pooling of bonds denominated in different currencies for the estimation of credit spread curves and to the use of dollar denominated credit spread curves as an input for pricing defaultable claims in a different currency. In addition, based on the prior analysis we interpret our results indirectly as results of testing the hypothesis of zero covariance between the default variable and the evolution of the exchange rates deflated by the relevant money market accounts.
II. Credit spread models
In this section we briefly explain the basic technique to estimate credit spread curves with prices of coupon bonds in an incomplete bond market. Then we describe a more advanced multi-curve model to estimate credit spread curves. This multi-curve model is thereafter extended to be able to produce stable credit spread curves on the single issuer level in the situation when the corporation has issued bonds in different currencies. We use the cubic splines method introduced by McCulloch (1971 McCulloch ( ,1975 . The choice of this model may seem arbitrary but Jankowitsch and Pichler (2002) show that in the multi-curve framework this model performs well compared to more complex estimation procedures. Also Elton et al.
( 2000) and Diaz and Skinner (2001) find no significant difference between splines models and non-linear models like Nelson and Siegel (1987) or Svensson (1994) . The main conclusions of the paper are very unlikely to be affected by the choice of the specific functional form. Thus, we do not refer to more advanced splines models, like B-splines or exponential splines.
A. Basic estimation problem
First of all we describe the estimation problem in a single market setting. Then we turn to the multi-curve estimation problem when credit spread curves are to be estimated. Consider a bond market with N coupon bonds. A bond i is characterised by its market price P i (quoted price plus accrued interest), its cash flow vector Z i , and its vector of cash flow dates T i . A bond market is said to be complete if the total number of distinct cash flow dates in the market is equal to the number of linearly independent cash flow vectors, i.e. if arbitrary cash flow structures can be replicated using portfolios of existing bonds. The absence of arbitrage implies the existence of an unique set of discount factors D(u), where u denotes the time to
any cash flow date in the market, for which
holds for all i = 1, ..., N. The zero-coupon yields r(u) are related to the discount factors via
In incomplete markets like the corporate bond markets the set of arbitrage-free discount factors is not unique. Given an arbitrary set of discount factors
applies, where ε i denotes the pricing error of bond i. The basic estimation problem is aimed to find a set of discount factors which has optimal explanatory power, i.e. which minimizes the pricing errors with respect to a given norm, and is represented by a continuous function depending on a parsimonious number of free parameters. Let a denote the set of parameters and f denote the specified function then we have
There are numerous models suggested to solve this estimation problem. These models mainly differ in the functional specification, the number of free parameters, and the quantity for which the functional form is specified, i.e. for the discount factors, the zero-coupon yields or the forward rates (see e.g. Schaefer (1981) , Vasicek and Fong (1982) and Svensson (1994) ).
B. Splines model
In the splines model introduced by McCulloch (1975) cubic splines are used to model the discount function. In this approach the maturity spectrum is divided into (not necessarily equally spaced) intervals. If the maturity spectrum is divided by k-1 knots there are k free parameters to describe the entire discount function which is modelled as a linear combination of k prespecified component functions. Let f k denote the component functions then the estimation problem reads
Employing the linear structure of this model the optimal parameters can easily be obtained by performing an OLS regression.
Finally, the credit spread curve of a specific issuer for a specific currency with respect to a reference curve for the same currency is calculated by subtracting the reference zero-coupon yield curve from the zero-coupon yield curve of the issuer using all bonds with the specific currency. In order to have a more parsimonious specification the number of parameters for the credit spread curve can be reduced compared to the reference curve. The joint estimation for one issuer uses the following framework for the discount functions: discount function of the reference curve for currency c:
discount function for the issuer for currency c: 
S c is a matrix with elements (suppressing index c) The residual term is allowed to have different variances because generally some bond prices a more noisy than others. To estimate the parameters a Restricted Feasible GLS procedure (see, e.g. Greene (2000)) is applied. Numerical examples for applications in the given framework show, however, that the relaxation of the variance structure is of minor importance for the results.
D. Multi-curve splines models with parallel shift
In the multi-curve splines model with parallel shift the reference zero-coupon yield curves for all currencies and one basic credit spread curve for a specific issuer are estimated jointly.
Additionally there is a parameter for every currency which can shift the basic credit spread curve up or down in a parallel fashion. This shift is linear in the discount function and is equivalent to a first order Taylor series approximation of a parallel shift in the zero-coupon yield curve. This model has the advantage that one data point per currency is sufficient to estimate an entire credit spread curve. Employing a shift for the credit spread curve is similar to the approach used by Elton et al. (2000) where the shift is dependent on exogenous variables. In order to have a more parsimonious specification the number of parameters for the credit spread curve can be reduced compared to the reference curve. The joint estimation for one corporation uses the following framework for the discount functions: discount function of the reference curve for currency c:
discount function for the corporation for currency c The residual term as in the multi-curve spline model again is allowed to have different variances.
We develop this new model to be able to produce estimates for credit spread curves for each currency on a single issuer level given the scarcity of data in the corporate bond market. The advantage of the new model is that all bonds of one issuer are jointly used to estimate one basic credit spread curve and additional parameters are estimated simultaneously to take potential currency effects into account. Using the new model reduces the minimal number of necessary bonds significantly. This progress is only possible by using the multi-curve estimation approach which is a general improvement in the field of credit spread estimation (see Houweling et al. (2001) and Jankowitsch and Pichler (2002) ).
III. Empirical Analysis

A. Data
The data set used in this study is based on a sample of 304 international corporate bonds of 30 issuers denominated in ten currencies. These data are aimed to represent a typical trading portfolio of a European bank. Since no comprehensive data base for international corporate bonds is available and most of these bonds are rather illiquid we have to restrict our analysis to a representative sample of liquid issues. However, the main results of this paper are not likely to be influenced by the choice of the sample (for a complete list of all bonds contained in the sample see appendix, table VI). We did not use data from quoted credit default swaps which might form a potential alternative to the use of corporate bond data.
The data include daily prices of corporate bonds, money market rates and swap market rates We restrict our analysis to coupon bonds without any option features and a time to maturity shorter than ten years. The data set includes the basic features of the bonds, e.g. the maturity, the currency and the exact cash flow schedule. For all ten currencies money market and swap market rates are collected. We use money market rates for one, three, six and nine months and swap rates from one up to ten years.
It is important to realise one possible weakness of this data set. The data set only contains quoted prices and not the actual traded prices. The quoted prices may only hold for a relative small quantity, whereas traders demanding higher quantities cannot in advance determine the actual price for the entire quantity they wish to trade. However, practitioners use these quotations in their daily work and the quotes are regarded by many market participants to be good for a certain size, typically EUR 10 million, and most of the trades are taking place within the quoted bid-ask prices.
B. Methodology
We have shown in section I that in a general affine pricing framework the assumption of a zero covariance between the default variable and the evolution of the exchange rates deflated by the relevant money market accounts implies equal credit spreads across currencies. Now we want to test for differences between observed credit spreads in different currencies given our data set. Additionally we have an indirect test for the hypothesis of zero covariance between default and exchange rate risk.
The starting point of our empirical analysis is the estimation of credit spread curves for each issuer in each currency using the splines model (see section II.B) and the multi-curve splines model (see section II.C). The money market and swap market rates are the input data for the reference curves. Obviously, interest rates derived from quoted swap rates incorporate some credit risk and are not strictly risk free. Thus, all our credit spreads represent relative credit risk with respect to the swap curve. Further, we implicitly assume that the credit risk incorporated in quoted swap rates is independent from the currency. Since the swap market is dominated by globally active players this assumption seems to be rather reasonable. Of course, we cannot a priori rule out some effects of market segmentation, e.g. in the ZAR or CZK markets. However, this would not change the main results of this paper.
We use the splines model with four parameters and the multi-curve splines model with four parameters for the reference curve and three parameters for the spread curves. For both models we use equidistant knots. Analysing our data set we find 27 combinations of issuers and currencies but only for four of these combinations we have sufficient corporate bonds for the two models. Having such a small sub-sample we cannot base statistical test on the resulting credit spread curves but we can get an intuition of the currency effect by conducting a visual inspection of these credit spread curves.
To analyse all 27 combinations we use the extended multi-curve splines model with parallel shift (see section II.D). Again we use equidistant knots with four parameters for the reference curves and three parameters for the credit spread curves. This model has the advantage that only one credit spread curve is estimated for a issuer using all bonds in different currencies jointly and additional parameters are estimated simultaneously which control for potential currency effects. Having two currencies for a corporation we need one parameter to have two individual credit spread curves. For every additional currency one additional parameter is used to obtain a credit spread curve for this currency. We always set up the model in the way that these parameters shift the credit spread curve of a certain currency (e.g. USD) compared to the credit spread curve for euro denominated bonds. Using this model reduces the minimal number of necessary bonds significantly. Again we conduct first a visual inspection to observe whether there is significant difference between the credit spread curves in different currencies.
In order to test the hypothesis of a zero covariance between the default variable and the evolution of the exchange rates deflated by the relevant money market accounts we use several statistics on the parameter which shifts the spread curve. If there is a significant difference between the credit spread of one issuer in different currencies then the parameter should be significantly different from zero. First we use a sign test on the parameter determining whether the parameter is significantly positive or negative. Since we have at least 50 observations of the parameter per issuer and currency we can use a normal approximation for the test statistic. As a second test we use a t-test on the parameter in every single regression to test if this parameter is significant different form zero.
The third statistical test takes together the results of the t-test. To decide if the parameter is significantly different from zero for all regression models per issuer and currency a z-test is used. We test the hypothesis that the fraction of significant parameters using a 1-α confidence level t-test is less than the α. If the null hypothesis is rejected, then the parameter is significant meaning we have a difference in the credit spread between bonds in different currencies. 
C. Results
We start our analysis on the dependence of the credit spread of a corporation on the currency by estimating credit spread curves for each currency using the splines model and the multicurve splines model as explained in section III.B. To estimate reliable credit spread curves for an issuer in a currency we need at least three bonds in this currency distributed over the whole maturity interval. Analysing our corporate bond portfolio we can find only four issuers that have sufficient bonds in at least two currencies. So with these two models we can only analyse four out of 27 combinations of issuers and currencies as explained in section III.B.
After estimating the credit spread curves for this data set we conduct a visual inspection of these curves. We find that the curves are stable and economical reasonable (as an example see 
Krones bonds
From the visual inspection we see that the credit spread curves seem not to be equal and they seem to have different volatilities. Having only credit spread curves for four corporations in three currencies does not allow us to give a clear answer regarding the potential currency dependence of credit spreads.
To solve this problem we use the multi-curve splines model with parallel shift (see section We find a significant number of positive or negative parameters for eight of the nine currencies (only for CZK we can find no significant result). Note, that the sign test does not take the magnitude of the effect into account. To obtain a judgement of the economic significance of these effects we take a closer look at the average parameter values for these currencies. Given a minimum bid-ask spread of around 10 basis points in the corporate bond market we argue that a difference between credit spread curves is economically significant if it is at least equal to this minimal bid-ask spread. Since a parameter below -0.0008 or above 0.0008 is equivalent to a parallel shift of around 10 basis points. The results indicate that for all currencies the difference is economically significant.
As a second part of the analysis we use a t-test on the parameters in every single regression to test if these parameters are significant different from zero as explained in section III.B. For the results on a single issuer level see table VIII in the appendix. Table V contains the number of significant parameters on the currency level.
Observing that most parameters are significant we test the hypothesis that the fraction of significant parameters using a 95% confidence level t-test is less than the 5% using a z-test as explained in section III.B. If the null hypothesis is rejected, then the parameters are significant meaning we have differences in the credit spread between different currencies. We use this test first on the estimated parameters for each issuer in each currency. We find that the null hypothesis is rejected in 26 out of 27 cases (for details see appendix, Taking all results together we can find a clear difference between the credit spread curves of different currencies. So for the purpose of pricing and risk management bonds of one issuer in different currencies cannot be treated together without explicitly taking into account potential currency effects, e.g. by using the extension of the multi-curve splines model proposed in this paper.
IV. Conclusion
We provide empirical evidence on the currency dependence of corporate credit spreads. This dependence is important for pricing and risk management models that use these credit spread curves as an input. Assuming zero correlation between the default variables and the exchange rates deflated by the relevant money market accounts we show that credit spreads are expected to be equal across different currencies in a rather general pricing framework. We conduct formal tests of the hypothesis of zero correlation between credit risk and exchange rate risk and provide strong empirical evidence that there are significant differences of credit spreads across different currencies and thus reject this hypothesis. The magnitude of the effect is above the minimum bid-ask spread of 10 bp for all currencies making it also economically significant.
For the purpose of estimating credit spread curves we conclude that bonds denominated in different currencies cannot be pooled without explicitly taking into account potential currency effects, e.g. by using the extension of the multi-curve splines model proposed in this paper.
Finally, our results imply that dollar related credit spread curves cannot be used without special care for pricing defaultable claims denominated in other currencies. 
